Introduction {#s1}
============

Grapes, in the form of fresh fruit or processed products (e.g. wine and dried fruit), are potential elements of a healthy diet because of their richness in chemical components that display antioxidant, cardioprotective, anti-aging, and anti-cancer activities (reviewed by [@CIT0001]). Both the health benefits and organoleptic properties of grapes depend largely on a wide range of specific metabolites accumulated in the berries, such as sugars, organic acids, and polyphenols. The content of these metabolites changes over time as a result of varying rates of synthesis, degradation, and transport processes during fruit development and ripening. To date, our knowledge of the mechanisms underlying the developmental regulation of berry composition and metabolism remains fragmentary, and a better understanding is needed of the mechanisms that switch metabolic pathways on or off at different stages of grape development. This will provide insights into how the developmental regulation of berry metabolism is coordinated, and this information is of both scientific and economic interest.

The pathways of primary carbohydrate metabolism, such as sucrose synthesis and degradation, glycolysis, and the tricarboxylic acid (TCA) cycle, play a central role in the final composition of the grape berry. Sugars, especially sucrose, glucose, and fructose, determine both the sweetness of the fruit and the alcohol content of the wine produced by fermentation of the juice. Respiration of sugars via glycolysis, the oxidative pentose phosphate pathway, and the TCA cycle provides energy (ATP), reducing power \[NAD(P)H\] and precursors for the synthesis of organic acids, amino acids, anthocyanins, and many other secondary metabolites, including defence and aroma compounds. In addition to generating ATP and NADH, the TCA cycle also plays an important role in regulating fruit acidity, and some of the intermediates of the TCA cycle may act as signal compounds that regulate metabolic fluxes and gene expression ([@CIT0010]; [@CIT0004]). Climacteric fruits, such as tomato, banana, and peach, show a characteristic peak in respiration at maturity, which is linked to a burst of ethylene production. This behaviour has a profound impact on the fruit's quality and its shelf life, and therefore the metabolic and gene expression changes associated with the climacteric have been investigated in detail in several economically important species ([@CIT0007]; [@CIT0032]; [@CIT0040]). In contrast, there have been relatively few studies of respiratory metabolism in non-climacteric fruits, such as grape, strawberry, and citrus, which do not show a marked peak in respiration at maturity. One of the few reports on respiratory metabolism in grape berries indicated that there are massive changes in glycolytic intermediates during berry development in the seedless grape cultivar Thompson Seedless, despite the absence of a climacteric burst of respiration ([@CIT0044]).

Glycolysis and the TCA cycle are interconnected and under developmental regulation. In tomato, the γ-aminobutyric acid (GABA) shunt, which is connected to the TCA cycle, switches direction from net GABA accumulation during the early part of fruit development (up to the mature green stage) to net respiration of GABA during ripening, with some of the resulting organic acids possibly being converted back into sugars ([@CIT0061]). Similarly, \[^14^C\]malate and \[^14^C\]fumarate are able to be incorporated into sugars when grape berries change colour and soften during ripening, indicating a gluconeogenic carbon flux from organic acids into sugars ([@CIT0045]). A number of metabolomic analysis have been carried out to compare grape berry composition at various developmental stages ([@CIT0002]), or looking at differences between cultivars and growing seasons ([@CIT0041]) or regions ([@CIT0052]). These studies have expanded our knowledge of the metabolite composition in relation to growth environment and grapevine genotypes. However, their coverage of primary metabolites and/or different developmental stages has been limited.

In addition to its economic importance, grape has become a valuable model species for studying fruit development, the control of ripening, and the factors that determine quality traits in non-climacteric fleshy fruits. However, research on grape is somewhat hampered by the perennial nature and large size of grapevines, which impose greater demands on time, growth space, and manpower compared with annual crops. As a result, fruit-bearing cuttings (i.e. only one primary shoot axis with a single cluster per plant) were developed as a simplified experimental model system to overcome these difficulties ([@CIT0033]). Since its introduction, this model system has been improved and applied to many aspects of grape research, including the effects of water stress ([@CIT0003]), climate-change scenarios ([@CIT0046]), abscisic acid treatment ([@CIT0023]), source--sink ratio ([@CIT0037]; [@CIT0013]), and nitrogen supply ([@CIT0022]) on grape physiology. In addition, factors affecting inflorescence development, fruit set ([@CIT0005]), carbon allocation ([@CIT0057]), and transcriptome reprogramming ([@CIT0029]) have also been investigated using fruit-bearing cuttings. In spite of their widespread use, few studies have been conducted to validate this experimental system by comparing results from fruiting cuttings with those from vineyard-grown grapevines. This lack of information is especially evident in terms of berry metabolism during berry development.

The present work was designed to fulfil two objectives. The first was to perform a comprehensive profiling of the intermediates in sucrose metabolism, glycolysis, and the TCA cycle in grape berries at different stages throughout development, in order to identify any coordinated switches in metabolism, and thus to shed light on the timing of developmental regulation of carbohydrate metabolism. The second objective was to check whether the fruit-bearing cuttings are a reliable model that accurately reproduces carbon metabolism in berries from field-grown vines.

Materials and methods {#s2}
=====================

Plant materials and growth conditions {#s3}
-------------------------------------

Grape berries (*Vitis vinifera* cv. Cabernet Sauvignon, clone \#337) were sampled at ten different developmental phases (from fruit set to maturity), from either vineyard-grown vines or fruit-bearing cuttings prepared as described by [@CIT0034]). The vineyard-grown vines are part of a germplasm collection growing in level ground with no slope or geospatial variations located at Villenave d'Ornon, France (latitude 44° 46' 46'' N, longitude 00° 34' 01'' W). Berries were harvested from 20-year-old vines between 19 June and 18 September 2009. The fruit-bearing cuttings were grown in a naturally illuminated and semi-regulated greenhouse (mean seasonal temperature 20--35 °C). Five pre-veraison stages were sampled according to days after flowering (daf): P1, 10 daf; P2, 20 daf; P3, 30 daf; P4, 40 daf; and P5, 50% veraison (the time when 50% of berries change their colour). Five post-veraison stages were sampled according to berry density using the method described by [@CIT0051]. The selected berry densities correspond to five potential alcohol (PA) levels (%): P6, 7% PA; P7, 8% PA; P8, 9% PA; P9, 10% PA; and P10, 12% PA (maturity). These ten stages correspond to the developmental stages of EL29, -31, -32, -33, -35, -36, -36, -37, -37, and -38 according to the modified Eichhorn and Lorenz classification system ([@CIT0012]). Four biological replicates were sampled for each developmental phase and each replicate contained 15 berries from both the shaded and sun-exposed sides of the grape clusters of three individual plants. Berries were frozen in liquid nitrogen immediately after harvesting and stored at --80 °C until analysis. Temperatures were recorded for each experimental site and were used to calculate the accumulated thermal history (degree days) of the plants after flowering, which is a scaling method widely used to compare plants grown in different environments ([@CIT0016]).

Biochemical analysis {#s4}
====================

Whole berries were ground to a fine powder in liquid nitrogen and aliquots (15--20mg) of frozen powder were extracted with chloroform/methanol as described by [@CIT0030]. Phosphorylated intermediates, organic acids, and trehalose-6-phosphate (T6P) were measured in chloroform/methanol extracts by anion-exchange high-performance liquid chromatography (LC) using an ICS 3000 chromatograph (Dionex Corporation, Sunnyvale, USA) coupled to a QTrap 5500 triple quadrupole mass spectrometer (MS; AB Sciex, Foster City, USA). Extracts were passed through a 9×75mm IonPack ATC-HC trap column (Dionex) before loading onto a 2×50mm AG11-HC guard column and 2×250mm IonPac AS11-HC column (Dionex) in series. Anionic compounds were eluted with the following gradient: 0--5min 5mM KOH, 5--25min linear gradient of 5--30mM KOH, 25--35min linear gradient of 30--50mM KOH; 32--34min linear gradient of 50--100mM KOH, 35--42min isocratic 100mM KOH. Aliquots of 25 µl (from a 1:10-diluted extract) were spiked with \[6,6-^2^H\]T6P as an internal standard to correct for ion suppression and matrix effects ([@CIT0030]), and injected with an autosampler AS50 (Dionex) working at 4 °C. The QTrap 5500 was operated in multiple reactions monitoring mode, with an electrospray ionization source in negative ionization mode, and centroid data acquisition. Nitrogen was used as curtain gas, ion source gas 1 and 2, and also as collision gas. Ion spray voltage was --4200V and the temperature was set to 480 °C. The declustering potential was --100V. Parent ions for metabolites of interest were selected in the first quadrupole using calculated *m*/*z* values. Suitable collision energies for fragmentation of the parent ion in the second quadrupole and *m*/*z* settings for detection of the three principal product ions in the third quadrupole were derived from authentic standards injected directly into the mass spectrometer. Metabolites were quantified by comparison of the integrated MS-Q3 signal peak area with a calibration curve obtained using authentic standards. The integration and calculation of chromatograms were done using Analyst software (AB Sciex).

Soluble sugars (glucose, fructose, and sucrose) were extracted with ethanol from aliquots \[\~20mg fresh weight (FW)\] of frozen powdered berry material and assayed enzymatically according to the method of [@CIT0025].

Data analysis {#s5}
-------------

Data were analysed with multivariate analysis methods using the R statistics environment ([@CIT0043]). Principal component analysis (PCA) was performed on mean-centred and scaled data using the ade4 package in R ([@CIT0015]) in order to compare the alterations in metabolite levels during fruit development. PCA was first done using the field-grown berry dataset, and then the data from the fruit-bearing cuttings were projected as non-active variables. In this way, one can compare the prediction quality of the PCs identified from the active dataset in relation to the non-active dataset. *K*-means clustering and Pearson correlation were then employed to investigate the degree of similarity in accumulation patterns across development, and the results were visualized using the corrplot package ([@CIT0060]). In order to evaluate these data further, we assessed the metabolite partial correlation network, which can provide insights into causal relationships between metabolite--metabolite associations ([@CIT0038]). This was done using the GeneNet package ([@CIT0047]) with log~10~-transformed data. The resulting network was visualized with Cytoscape version 2.8.2 ([@CIT0050]).

Results {#s6}
=======

Berries from field-grown vines and greenhouse-grown fruit-bearing cuttings have similar metabolite profiles {#s7}
-----------------------------------------------------------------------------------------------------------

The 27 metabolites quantified ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers396/-/DC1) at *JXB* online for abbreviations) were mainly intermediates involved in sugar accumulation, glycolysis, or the TCA cycle. To put the measured metabolites into a metabolic context, a schematic representation of plant central carbon metabolism was created to display the metabolite profiles ([Fig. 1](#F1){ref-type="fig"}). Most metabolites showed similar levels in berries from vines grown in the vineyard and from fruit-bearing cuttings grown in the greenhouse, when compared on a degree-day basis (thermal sums). In contrast, the profiles of sugar phosphates, including glucose 1-phosphate (G1P) and the sugar-signalling metabolite T6P, differed somewhat between greenhouse and vineyard plants during the late developmental phases. In vineyard plants, levels of these sugar phosphates decreased gradually throughout berry development, while they increased slightly after veraison in the greenhouse plants. This difference might be due to the higher temperature recorded in the greenhouse than in the vineyard during the corresponding period ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers396/-/DC1) at *JXB* online).

![Metabolite profiles of berries from vines grown in the vineyard (blue line) or fruit-bearing cuttings grown in the greenhouse (red line). Metabolites are shown in their respective metabolic pathways (sugar metabolism, glycolysis, and the TCA cycle) and their temporal profiles during berry development (µmol g^--1^ FW for sucrose, glucose, and fructose; and nmol g^--1^ FW for the others) are presented alongside. For each profile, the *x*-axis shows the accumulated thermal history of the plants in degree-days, normalized to zero at veraison (indicated by the dashed line) to facilitate comparison between the vineyard- and greenhouse-grown samples.](exbotj_ers396_f0001){#F1}

Metabolite signatures reflect developmental specificity {#s8}
-------------------------------------------------------

PCA readily discriminates the various stages of berry development, with similar trajectories for field-grown and greenhouse-grown samples ([Fig. 2](#F2){ref-type="fig"}). The first two principal components (PC~1~ and PC~2~) explained about 86% of the total variance. PC~1~ separated the pre- and post-veraison stages, based largely on changes in sugars and glycolytic intermediates. PC~2~ resolved the individual stages of development within the pre- and post-veraison phases, related mainly to differences in TCA cycle intermediates, such as citrate, isocitrate, and malate.

![PCA of metabolite profiles during berry development. Left: trajectories during development for berries grown in the vineyard (coloured points) and greenhouse (black points). Arrows indicate the order of development. Berry skin colour and size are represented by the colour and size of the symbols, respectively, for vineyard berries. Right: loading plots of metabolites for the first two principle components, PC~1~ and PC~2~. The PCA was first made using the field-grown berry dataset, and the data from the fruit-bearing cuttings were then projected as non-active variables. In this way, one can compare the prediction quality of the PCs identified from the active dataset in relation to the non-active dataset.](exbotj_ers396_f0002){#F2}

Coordinated changes in metabolically linked metabolites reveal the timing of switches in metabolism during fruit development {#s9}
----------------------------------------------------------------------------------------------------------------------------

The temporal patterns of changes in the metabolites were dissected by *K*-means clustering ([Fig. 3](#F3){ref-type="fig"}). The 27 measured metabolites could be clustered into three main groups representing: (i) sugars and sugar-phosphate metabolism, (ii) glycolysis, and (iii) the TCA cycle. Sugars (sucrose, fructose, and glucose) were present at very low levels before veraison but increased dramatically from veraison onwards. Similar profiles were observed for two sugar phosphates \[fructose 1-phosphate (F1P) and sucrose 6-phosphate (S6P)\]. Most of the TCA cycle intermediates (malate, citrate, aconitate, isocitrate, and 2-oxoglutarate) increased gradually with development up to a peak at veraison, and decreased gradually thereafter. The only exceptions were succinate, whose concentration was high in the early stages and then continually decreased throughout development, and fumarate, which showed a transient peak at veraison and then a gradual rise in the final stages of development. Glycolytic intermediates were less coordinated, with fructose 6-phosphate (F6P) and glucose 6-phosphate (G6P) levels declining during the early stages of berry development but then remaining relatively stable post-veraison, while fructose 1,6-bisphosphate (F1,6BP), 3-phospho-[d]{.smallcaps}-glycerate (PGA), phosphoenolpyruvate (PEP) and pyruvate showed a peak around veraison.

![Heatmap and clustering of metabolite changes during berry development for berries from the vineyard (left panel) and greenhouse (right panel). Each row represents a metabolite and each column represents a developmental stage. Values were centred and scaled in the row direction to form virtual colours as presented in the colour key. Metabolites that showed a similar developmental profile were clustered together. Stage five corresponded to veraison.](exbotj_ers396_f0003){#F3}

The coordinated shift in metabolites was further confirmed by pairwise correlation analysis ([Fig. 4](#F4){ref-type="fig"}). Of the 351 metabolite pairs, there were 177 significant correlations (*P* \<0.05 after Bonferroni false discovery rate correction) in berries from the vineyard-grown vines and 121 in those from greenhouse-grown cuttings. Of these, 112 and 60 were positive and 65 and 61 were negative, respectively. Most of the significant correlations (101) were observed in both sources of berries and shared the same sign in both conditions. Metabolites within a given pathway were often positively correlated, but negative correlations were observed between metabolites from different pathways. The main exception was the negative correlation between sugars and sugar phosphates.

![Correlation matrix of all metabolites of berries grown in the vineyard. The Pearson correlation coefficient (positive or negative) between a pair of metabolites is represented by virtual colour as indicated in the colour key. Metabolites were grouped according to their metabolic pathways. A similar matrix was built for the greenhouse-grown berries (data not shown). Comparisons between samples from vineyard and greenhouse are summarized in the Venn diagram (inset), with '+' and '--' indicating significant positive and negative correlations, respectively.](exbotj_ers396_f0004){#F4}

The metabolite correlation network reveals emerging metabolite co-regulation {#s10}
----------------------------------------------------------------------------

Partial correlation network analysis was used to identify metabolites that were functionally related or co-regulated in grape berry ([Fig. 5](#F5){ref-type="fig"}). This method calculates the partial correlation between two given metabolites, after excluding the effect of all the other variables in a metabolite matrix, thus allowing the construction of a causation network among metabolites ([@CIT0038]). The number of significant connections identified by this method was greatly reduced in comparison with the pairwise correlation described above, highlighting the most significant relations among metabolites. The network from vineyard-grown vines contained 36 edges, i.e. significant partial correlations (*P* \<0.05), while the network from greenhouse-grown cuttings has 34 edges, with 12 edges in common between the two networks. These common edges generally reflected the close relationship between metabolites separated by only one or two enzymatic steps in their respective pathways, including PGA/PEP, citrate/isocitrate, and glucose/fructose/sucrose, or metabolites connected via a common precursor, e.g. malate/shikimate. Network analysis showed that each metabolite was connected on average to three neighbours in both networks. T6P was the most connected metabolite, with eight neighbours in vineyard berries and five in greenhouse berries. From these data, a novel connection between T6P and succinate was identified in both conditions. A module of sugar phosphates \[G1P, G6P, F6P, and mannose 6-phosphate (M6P)\] was evident, while S6P exhibited a different connection. In agreement with the observation from pairwise correlation, TCA intermediates were positively correlated with each other, while they were negatively correlated with intermediates of glycolysis. Glycolytic intermediates were less directly interconnected among themselves but were extensively connected with metabolites involved in other pathways. In particular, a strong, direct correlation between pyruvate and tartrate was found in both vineyard and greenhouse samples.

![Metabolite--metabolite partial correlation network for berries from the vineyard (left) and greenhouse (right). Metabolites were grouped according to their metabolic pathways and highlighted by different colours: pink for intermediates of sugar metabolism, yellow for glycolysis, green for the TCA cycle, and white for the others. Significant positive partial correlations are indicated by a solid line between two metabolites, while significant negative partial correlations are represented by a dashed line.](exbotj_ers396_f0005){#F5}

Discussion {#s11}
==========

Monitoring the developmental profiles of metabolites is a valuable approach to gain a better understanding of the developmentally induced metabolic shifts that underlie and define the final fruit chemical composition. Developmental profiles of primary and secondary metabolites in grape have been reported in two studies ([@CIT0002]; [@CIT0056]), but these covered a relatively small number of metabolites from primary metabolism (sugar accumulation, glycolysis, and the TCA cycle) and analysed a limited number of developmental stages. In the present study, we conducted a broader analysis, which, by means of an LC-MS/MS approach, covered a more comprehensive range of intermediates from these pathways and which also had denser sampling of the various stages of berry development. The resulting information provided novel insights into the developmental regulation of primary metabolism in grape.

Sugars and organic acids, which are the metabolites in grape berries of most interest to wine-growers, showed remarkably similar temporal profiles in berries from vineyard-grown plants and fruit-bearing cuttings. On the other hand, some of the phosphorylated intermediates had different profiles in berries from the two types of mother plant. These might reflect some fundamental differences between vines and cuttings in the balance or the fluxes through the various pathways of central carbon metabolism. However, it must be remembered that the pool sizes of many intermediates are relatively small, and these metabolites are often more responsive to short-term differences in environmental conditions than the larger pools of sugars and organic acids. Therefore, the differences observed for some of the phosphorylated intermediates may reflect short-term responses to differences in light, temperature, or other environmental conditions, which clearly did vary between the vines growing in the vineyard and the fruit-bearing cuttings.

In both plant materials, we observed an increase in sucrose from veraison to maturity, although the absolute concentrations were generally much lower than hexoses. S6P also increased from veraison to maturity. The presence of this metabolite indicates that some biosynthesis of sucrose was occurring in the developing berries, even though the berries are abundantly supplied with sucrose via the phloem ([@CIT0054]). There are several possible reasons why sucrose biosynthesis might be required in the berries. In grape, post-veraison phloem unloading occurs via an apoplastic route ([@CIT0063]), in which sucrose is hydrolysed by cell-wall invertase and the resulting glucose and fructose may be taken up via plasmalemma monosaccharide sugar transporters ([@CIT0059]). Consequently, resynthesis of sucrose would generate a diffusion gradient for the hexose sugars and so promote phloem unloading into the berry parenchyma cells. A futile cycle of sucrose hydrolysis and resynthesis could also provide greater sensitivity for regulating the net accumulation of sugars and the sucrose:hexose ratio in the cells. A third possibility is that there is conversion of organic acids, such as malate, to sucrose via a gluconeogenic pathway ([@CIT0045]), which would fit with the observed accumulation of malate up to the time of veraison, followed by a decrease as sugars start to accumulate.

The nucleotide sugar, uridine diphosphate glucose (UDPG), is a substrate for both sucrose and cell-wall biosynthesis and is a product of sucrose cleavage via sucrose synthase. The level of UDPG decreased gradually over berry development, which is consistent with the previously described decrease in cell-wall polysaccharides during grape berry development ([@CIT0036]) and may result from the reported dramatic downregulation of sucrose synthase expression ([@CIT0031]). The other nucleotide sugar detected in the berries, ADPG, is the substrate for starch biosynthesis. The role of starch and its contribution to grape quality has not been investigated fully. In the present study, the level of the starch precursor ADPG increased from veraison ([Fig. 1](#F1){ref-type="fig"}), when starch levels were reported to decrease ([@CIT0014]; [@CIT0021]). This reverse accumulation pattern for ADPG and starch suggested that the decrease in starch did not result from substrate limitation but was most probably due to a decreased activity of the enzymes mediating starch synthesis or to increased starch degradation. Transcriptomic studies have revealed a complex pattern of changes in starch-related transcripts during grape berry development, with transcripts for some enzymes of starch synthesis increasing while others decreased, and those encoding starch degradation enzymes increasing over development ([@CIT0014]; [@CIT0021]).

Another metabolite of particular interest is T6P, which is proposed to be involved in sugar signalling ([@CIT0030]) and influences many aspects of plant metabolism and growth ([@CIT0017]; [@CIT0048]; [@CIT0049]; [@CIT0027]). A strong correlation between T6P and sugars, particularly sucrose, was reported in *Arabidopsis thaliana* seedlings and rosettes of soil-grown plants ([@CIT0030]). This strong correlation was also observed in the stems, shoots, and roots of grapevines cultured *in vitro* under non-chilling and chilling conditions ([@CIT0020]). However, we did not find any significant correlation between T6P and sugars (hexose or sucrose) in grape berries, taking into account the whole time course of fruit development. This suggests that T6P might be responding to other factors in addition to, or instead of, sugars in grape berries. However, it is worth noting that trehalose-phosphate synthase, the enzyme that synthesises T6P, is most likely to be located in the cytosol ([@CIT0058]), suggesting that the level of T6P is specifically influenced by the metabolic status of this compartment. As most of the sugars in grape berries are accumulated in the vacuole, particularly in the later stages of development, the cytosolic pool of sugars will constitute only a small part of the total, and the proportion of the total sugar pool found in the cytosol probably changes during development. Therefore, whole-tissue sugar measurements are unlikely to be a reliable indicator of the size of the cytosolic sugar pool, masking any potential correlation with T6P. Although no correlation was observed with sugars, T6P appeared to be the most connected metabolite in the metabolite--metabolite network, with a significant correlation between T6P and succinate identified in both greenhouse and vineyard samples. T6P is reported to inhibit the sucrose non-fermenting 1-related kinase 1 (SnRK1) in *A. thaliana* ([@CIT0064]). The SnRK1 protein kinase is a central regulator of energy homeostasis and stress responses ([@CIT0006]); therefore, developmental changes in the level of T6P might be expected to affect fluxes and metabolite levels in multiple metabolic pathways. Further investigation will be required to understand the role of SnRK1 in grape berry, and whether T6P is a physiologically important regulator of SnRK1 activity in this tissue.

A decrease in glycolysis after veraison has been reported in a seedless grape cultivar ([@CIT0044]), based on the fact that the glycolytic intermediates PEP and pyruvate gradually decreased throughout development. Decreases in transcript or protein abundance of glycolytic enzymes have been reported in several transcriptomic and proteomic studies on wine grape cultivars ([@CIT0019]; [@CIT0024]; [@CIT0031]). However, other reports have indicated that several glycolytic enzymes are upregulated after veraison ([@CIT0055]; [@CIT0035]), or that there are differential changes with some enzymes being upregulated while others are downregulated ([@CIT0021]). Our data showed a general decrease in glycolytic intermediates during berry ripening. It is not clear whether this is linked to a change in flux through the pathway or a shift in the balance of the pathway, such that it operates with lower steady-state levels of intermediates without any change in flux. This can only be resolved by flux measurements using radioctive or stable isotope labelling experiments, which are outside the scope of the current study. The glycolytic intermediates can be further subdivided into two classes. The first encompasses G6P and F6P, which sharply decrease at a very early stage and then decline more gradually until veraison but then remain fairly stable. The second includes F1,6BP, PGA, PEP, and pyruvate, which show a similar pattern as the first class except that there is an additional peak around veraison. The opposite behaviour of F6P and F1, and 6BP suggests that changes in glycolytic flux may be occurring due to regulation of enzymes involved in the interconversion of F6P and F1,6BP. Phosphofructokinase (PFK) catalyses the irreversible phosphorylation of F6P to F1,6BP, while fructose-1,6-bisphosphatase catalyses the irreversible dephosphorylation of F1,6BP. A further enzyme, pyrophosphate:fructose-6-phosphate 1-phosphotransferase, catalyses the reversible interconversion of F6P and F1,6BP. These enzymes are known to have considerable regulatory potential ([@CIT0042]).

The majority of the TCA intermediates showed coordinated changes during berry development, except that succinate, and to some extent fumarate, showed different profiles. Unlike the other enzymes of the TCA cycle, succinate dehydrogenase is membrane bound and an integral part of the mitochondrial electron transport chain ([@CIT0008]). Therefore, it is likely that the balance of this reaction, i.e. the ratio of succinate:fumarate, is influenced not only by the flux through the TCA cycle but also by other reactions feeding into the electron transport chain, and by the NAD:NADH ratio and the demand for ATP. These additional influences may explain the different profiles of succinate, and to some extent fumarate, in comparison with the other TCA cycle intermediates during development. The respiratory pathways provide not only ATP and reducing power but also carbon skeletons for biosynthesis of proteins, lipids, cell walls, secondary metabolites (e.g. anthocyanins and aroma compounds), and organic acids for pH homeostasis and osmoregulation. The quantitative importance of each of these processes will change during the development of the grape berry, placing different demands on the respiratory pathways at each stage of development ([@CIT0011]). Therefore, changes in the abundance of TCA cycle intermediates probably reflect the varying demands for ATP, reducing power, and C-skeletons during grape berry development. However, metabolite data alone cannot tell us whether the fluctuating metabolite levels reflect altered fluxes through the pathways, or the metabolic network as a whole switching to a different poise to meet the sometimes competing demands on the respiratory pathways.

In addition to the point-by-point analysis, a meta-analysis was conducted to compare our data with the available developmental profiles of primary metabolites in both climacteric and non-climacteric fleshy fruits ([Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers396/-/DC1) at *JXB* online). We collected metabolomic data from fruit development studies in tomato ([@CIT0009]; [@CIT0039]; [@CIT0061]), peach ([@CIT0028]), strawberry ([@CIT0018]; [@CIT0062]), citrus ([@CIT0026]), and grape ([@CIT0044]; [@CIT0002]). The developmental changes in glycolytic and TCA cycle intermediates were extracted from the combined dataset and their temporal patterns compared. This revealed some general patterns of developmental changes in metabolites that are common to both grape and other fleshy fruits. Firstly each stage of fruit development was characterized by its own unique metabolic profiles, and the most evident metabolic shift occurred at the transition from a hard and acidic fruit to a soft and sugar-rich fruit. Secondly, the levels of metabolites involved in the same metabolic pathway generally exhibited coordinated changes throughout fruit development. Finally, the developmental profiles of glycolytic and TCA cycle intermediates did not discriminate between the climacteric and non-climacteric fruits. This indicates that the regulatory mechanisms controlling these pathways may be common to both climacteric and non-climacteric fruits ([@CIT0018]).

In conclusion, it is clear that glycolytic and TCA cycle intermediates are tightly coordinated with metabolites of their respective pathways during berry development. In addition, there is a pronounced shift in metabolism around veraison, characterized by rapidly increasing sugar levels and decreasing organic acids. In contrast, glycolytic intermediates and sugar phosphates declined during the early stages of development but then remained relatively stable post-veraison. The detailed and comprehensive metabolite data presented here reveal the timing of important switches in primary carbohydrate metabolism in grape berry, which can be related to transcriptional and developmental changes within the berry to reach an integrated understanding of grape berry development. Moreover, our data showed that the temporal profiles of most of the measured metabolites (especially sugars and organic acids, which are major determinants of fruit and wine quality) were remarkably similar in berries from vineyard-grown vines and greenhouse-grown fruit-bearing cuttings, demonstrating that fruit-bearing cuttings are a meaningful and useful model system to study the pathways and regulation of central carbon metabolism in grape berries. Meanwhile, it is worth noting that several phosphorylated intermediates accumulations exhibited differences, and further efforts are needed to assess the reliability of this model system for studying metabolic pathways not analysed in the present work, especially the downstream pathways related to the phosphorylated intermediates and the secondary metabolism. In the future, the metabolite profiling will be integrated with enzyme activity measurements and kinetic model analysis to evaluate the regulation of metabolic flux as described for other plant species ([@CIT0053]).

Supplementary data {#s12}
==================

Supplementary data are available at *JXB* online.

[Table S1.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers396/-/DC1) List of the 27 measured metabolites and their abbreviations.

[Table S2.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers396/-/DC1) Comparison of the temporal profiling of primary metabolites across the development of different climacteric and non-climacteric fleshy fruits.

[Fig. S1.](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers396/-/DC1) Daily temperature and sum of temperature (degree-days) from flowering to maturity in the vineyard and greenhouse.
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